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The present study reports the investigation of capillary
electrophoresis (CE) for the separation of the photosynthetic
pigments (chlorophyll derivatives as well as carotenoids) together.
Various CE methods, such as micellar electrokinetic
chromatography, capillary electrokinetic chromatography, and
nonaqueous capillary electrophoresis (NACE) are tested, with
coated and uncoated capillary columns to evaluate optimal
separation conditions using diode array detection. The effect of
different type and composition of organic solvents and surfactants
on the separation is discussed. Detection limits are found in the
range of 1.14–2.45 ppm. According to the system suitability results,
the most effective separation is observed using NACE with Aliquat
336 as cationic surfactant in coated capillary and mixture of
MeOH–ACN–THF (5:4:1, v/v/v) as solvent. Quantitative evolution
is investigated, and recovery percentage values are found to be
96.7–102%.
Introduction
Chlorins (i.e., chlorophyll derivatives) and carotenoids are
basic classes of photosynthetic pigments. Chlorophylls are
greenish pigments which contain a porphyrin ring. This is a
stable ring-shaped molecule around which electrons are free to
migrate. Because the electrons move freely, the ring has the
potential to gain or lose electrons easily and, thus, the potential
to provide energized electrons to other molecules. This is the
fundamental process by which chlorophyll captures the energy
of sunlight. Chlorophyll a is the most common component of
this group, which is found in all oxygenic photosynthetic organ-
isms, while chlorophyll b occurs only in green algae and in green
plants. Carotenoids, another group of lipophilic natural pig-
ments, have long isoprenoid chains with alternating double and
single bonds and may contain numerous functional groups. All
photosynthetic organisms contain carotenoids. Analysis and
identification of these pigments in various sample matrices by
different spectroscopic and analytical techniques has already
been described (1–8). The separation of pigments may be carried
out by column chromatography, thin-layer chromatography,
and high-performance liquid chromatography (HPLC) on var-
ious stationary phases, such as silica-gel, alumina, and reversed-
phase materials (C18 and C30). The choice of the most suitable
chromatographic method depends on the amount of sample,
pigment composition, resolution, speed, and purity required.
However, attention must be paid to reconditioning of the
column used for HPLC applications after each injection by
washing with less polar solvent for at least 15 min. Therefore,
longer analysis time is needed for these applications. Because the
pigments, most particularly carotenoids, are extremely reactive
and consequently unstable due to their long system of conju-
gated double bonds, several precautions, such as protection from
light and oxygen, use of low temperature and antioxidants, and
analysis within the shortest time possible, should be taken into
the consideration. On the other hand, neither porphyrins nor
carotenoids can be analyzed directly by gas–liquid chromatog-
raphy because of their involatility and/or thermal instability. A
rapid analytical technique with high resolving power and sensi-
tivity is therefore required for the analysis of these compounds.
Capillary electrophoresis (CE) is a powerful separation tech-
nique, which is performed in narrow tubes. Rapid analysis time,
greater separation efficiency, and higher selectivity, simplicity,
and adaptability to a variety of different application conditions
make CE more advantageous, especially where other liquid-
phase separation techniques are limited or impractical.
Moreover, fused silica capillaries are far less expensive than chro-
matographic columns, easily washed between runs, and unlike
packed columns, free of irreversible contamination of the matrix.
The principle of separation by CE is based on differences in the
mobilities of the analytes under the electrical field which is cre-
ated by the application of high voltage between the electrodes
replaced in a buffer solution (9).
There are a number of different ways of performing CE sepa-
rations depending on the analytes of interest. Capillary zone
electrophoresis (CZE) is the basic CE method which is applied
particularly for the separation of small, charged molecules (10).
Micellar electrokinetic chromatography (MEKC) is a widely used
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CE technique based on differential partitioning of the analytes
between aqueous and micellar pseudo-stationary phase (11).
Retention in MEKC depends mainly on the hydrophobicity of the
analyte. In order to provide a participation of highly hydrophobic
analytes from the hydrophobic core of micelles to solvent phase,
high concentration of organic solvents are needed. However, in
organic-rich media, surfactants lack the capability of aggre-
gating to form micelles (12).
Recently, neutral analytes were separated by interacting with
ionic surfactant monomers added to the buffer in the presence of
high concentration of organic solvents. This special CE tech-
nique is generally called as capillary electrokinetic chromatog-
raphy (CEKC) (13). Nonaqueous systems are especially preferred
for the analysis of highly hydrophobic compounds. Organic sol-
vents create highly interesting alternatives for the separation
mechanisms. Some important interactions which cannot take
place or are too weak to be measured in aqueous media, such as
solvophobic, electrostatic, donor–acceptor, and analyte–additive
interactions were discussed in detail by Bowser et al. (12). In the
literature, there are some reports on the analysis of pigments by
CE (14–26), but in most of them, MEKC technique has been
applied to water soluble pigment analyses using uncoated fused
silica capillary columns (14–19). Even with mixed surfactant
system in microemulsion electrokinetic chromatography, an
efficient separation could not be obtained for mesoporphyrines
(19). Differing from the other reports in the literature (14–26),
highly hydrophobic and neutral chlorin and carotenoid
molecules which have previously not been investigated in CE,
were chosen as model compounds for this study. There are only
a few studies about similar structures, which are, however, water
soluble and partially or fully charged. Probably, because of the
difficulties arising from the neutral and highly hydrophobic
Figure 1. Structures of the surfactants included in this study.
Figure 2. Effect of BDMTDA on the separation. Running electrolyte: 10mM
phosphate, 20mM BDMTDA, 50% THF (pH = 11.0). V = 28 kV (anodic side),
fused-silica capillary; injection: 5 s at 0.5 p.s.i.; detection: UV at 410 nm;
peak identifications: Pyropheophorbide a methyl ester (peak 1),
Methylpyrroporphyrin XXI ethyl ester (peak 2), Beta-carotene (peak 3), Lutein
(peak 4), Astaxanthin (peak 5), Chlorophyll b (peak 6).
m
AU
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Table I. Parameters for Method Validation.
LOD LOQ Repeatibility Repeatibility
DAD (ppm) (ppm) Interday* (RSD%)† Intraday* (RSD%)†
Analytes (nm) S/N = 3 S/N = 10 n = 10 n = 10 n = 10 n = 10
Beta-carotene 450 2.45 6.86 0.23 0.60 0.35 1.1
Lutein 450 1.14 3.42 0.25 0.73 0.34 1.2
Astaxanthin 480 1.67 4.92 0.28 0.54 0.30 0.9
Pp-aMe ester‡ 410 2.01 5.11 0.32 0.81 0.45 1.3
Chlorophyll b 450 1.83 5.49 0.41 1.03 0.53 1.6
Me-pp Et ester§ 393 1.26 3.27 0.45 0.98 0.60 1.7
* For migration time.
† For peak areas.
‡ pyropheophorbide amethyl ester.
§ methylpyrroporphyrin XXI ethyl ester.
molecular structure of carotenoids and chlorins, fewer
researchers have been interested in the new method develop-
ment for their analysis in CE. To our knowledge, there is only
one nonaqueous capillary electrophoresis (NACE) study for the
analysis of hydrophobic porphyrins and their oligomers (26) and
one study for the chlorin and carotenoid bonded protein separa-
tion by polyacrylamide gel electrophoresis in a single run (20).
The present study reports the investigation of CE for the separa-
tion of chlorins and carotenoids together using model com-
pounds. For this purpose, various CE methods, such as MEKC,
CEKC, and NACE, were investigated using coated and uncoated
capillary columns to obtain optimal separation conditions.
Experimental
Reagents
Chlorophyll a, chlorophyll b, hyamine (benzethonium
chloride), ethylene imine polymer solution (PEI, Mr
600000–1000000), sodium dihydrogen phosphate (NaH2PO4),
methanol (MeOH), acetonitrile (ACN), tetrahydrofuran (THF),
sodium dodecyl sulfate (SDS), benzyldimethyltetradecylammo-
nium chloride (BDMTDA), and cetyltrimethylammonium bro-
mide (CTAB) were obtained from Fluka (Bucks, Switzerland).
Astaxanthin, beta-carotene, and pyropheophorbide a methyl
ester were from Sigma (St. Louis, MO). Aliquat 336 (Tricapryl
methylammonium chloride) and methylpyrroporphyrin XXI
ethyl ester were purchased from Aldrich (Milwaukee, WI). Lutein
and disodium hydrogen phosphate (Na2HPO4) were obtained
from Apin Chemicals Ltd. (Abington, Oxon, UK) and Riedel-de
Haën (Seelze, Germany), respectively. Pheophorbide a stigmas-
teryl ester was synthesized in our laboratory (7).
Instrumentation
CE investigations were performed on a Beckman Coulter (Palo
Alto, CA) P/ACE MDQ system (Fullerton, CA) equipped with a
photodiode-array UV detector from Beckman Technologies. The
system was controlled with 32 Karat software; an uncoated fused
silica capillary (Agilent, Switzerland) of 75-µm i.d. × 375-µm
o.d., with total and effective lengths of 57 and 50 cm, respectively,
was used at 25°C.
Sample preparation
Pigment standards (beta-carotene, lutein, and astaxanthin for
the carotenoid group, and chlorophyll a, b, pyropheophorbide a
methyl ester, and methylpyrroporphyrin XXI ethyl ester for the
chlorin group and derivatives) were dissolved in MeOH within
the concentration range of 0.1–1.0mM and diluted to desired
concentrations with separation buffer and filtered before injec-
tion. Stock solutions were kept in dark and + 4°C in the refriger-
ator.
Conditioning of capillaries
Coated capillaries were prepared as follows: (i) a new capillary
was rinsed with 1.0 N. NaOH (in MeOH) for 10 min and then with
pure MeOH for 10 min; (ii) the capillary was rinsed with a 2%
(w/v) polymer (PEI) solution in MeOH for 30 min, and left with
polymer solution for 20 min; (iii) the capillary was rinsed with
running electrolyte for 15 min. Uncoated capillaries were used
after the following pre-treatment: a new capillary was rinsed first
with MeOH for 5 min, and with 1.0 N NaOH for 20 min, then
with pure water, and finally with background electrolyte (BGE)
for 10 min at each step. Before each run, the capillary (both
uncoated and coated) was rinsed with BGE for 2 min.
Results and Discussion
MEKC and CEKC studies
Chlorins and carotenoids are highly hydrophobic, neutral, and
huge molecules, and their effective separation is difficult because
of their similar properties. Therefore, CZE is not the most con-
venient CE method for this type of analytes. As a preliminary
study, we tested the MEKC method described by Saitoh (14) for
the separation of chlorophyll a, c1, and c2 using SDS in the con-
centration range of 10–50mM. However, no separation was
observed for our analytes under the same electrophoretic condi-
tions as in the work of Saitoh. All analytes migrated with the
same electrophoretic mobility. Various solvents such as MeOH,
ACN, DMF, and THF were tested, respectively, in the range of
5–30% in order to avoid micelle distortion, which is observed
with higher solvent ratios. Because of the solubility problem of
the analytes investigated in this study, MEKC
was not found to be as sensitive and efficient as
expected. Organic solvent content was there-
fore increased in the buffer electrolyte to dis-
solve the analytes sufficiently and to increase
the detection response. However, even in
higher organic solvent content and with var-
ious solvents, all analytes migrated together
when sodium dodecylsulfate (SDS) and
cetyltrimethylamonium (CTAB) were used in
the CEKC electrolyte. Because of the solubility
limits of these surfactants in some organic sol-
vents, different surfactants such as BDMTDA,
hyamine, and Aliquat 336 were then investi-
gated to find possible differences compared
with SDS and CTAB monomers. In the litera-
ture, there is no study using BDMTDA and
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Table II. System Suitability Results*
Peaks Resolution Selectivity Theoretical Plate Numbers Tailing
Rs = α1 = Ν = 5.54 Τ =
1 8870 1.0
2 11321 1.0
3 12144 0.97
4 14304 1.0
5 12027 1.0
6 19044 1.0
* For equations: t = Retention time; w1/2 = Peak width at half peak height; k’ = capacity factor; a = Distance from the
leading edge to the midpoint (at 10% of peak height); and b = Distance to the trailing edge from the midpoint (at
10% of peak height).
2(t2 – t1)
(w1 + w2)
(a + b)
2a
t 2
w1/2
k2'
k1'
( )
0.9
1.2
2.45
3.0
1.6
1.18
1.2
1.43
1.38
1.13
Aliquat 336 as an additive in CE. On the other hand, only two
studies related with hyamine have been reported, explaining that
either it was only used as electroosmotic flow (EOF) modifier for
the determination of anions (27), or a negative result was
obtained for the analysis of urine proteins (28). Therefore, the
use of these surfactants (Figure 1) in CE is completely new inves-
tigation. BDMTDA in the running electrolyte caused a partial
separation of chlorophyll, porphyrine, and carotene classes.
Therefore, the effect of the total concentration of BDMTDA over
5–40mM range was examined. All CE buffers were prepared con-
taining 10mM sodium phosphate and 50% THF at pH = 11.0.
Increasing the concentration of BDMTDA led to the best separa-
tion at 20mM, and higher concentration of BDMTDA did not
improve the separation. It follows that the interaction of this
cationic surfactant led to positively charged analytes that
migrated after the EOF. This partial separation is shown in
Figure 2. Another cationic surfactant, hyamine, was also tested
to see if its more hydrophilic structure, coming from the ether
units, may positively influence the separation of the pigments. In
order to compare the results, running electrolyte was always
kept at same conditions as with other surfactants. Hyamine
improved the separation within the pigment groups but with
overlapping of components from different classes. The hyamine
concentration range of 5–100mM was investigated to optimize
the separation, and 40mM was found as the optimum surfactant
concentration (Figure 3). Finally, Aliquat 336 was tested as a
cationic surfactant because of its branched hydrophobic side
chains. These hydrophobic interactions between Aliquat 336
monomers and pigment analytes made the electrophoretic sepa-
ration more effective. 5–100mM concentration range of this sur-
factant in the buffer electrolyte was investigated, and 20mM was
found as the best under these CEKC conditions (Figure 4).
NACE studies
As an alternative to MEKC and CEKC, the separation of these
pigments in NACE was studied by using bared fused and PEI
coated silica columns. Similarly to CZE, NACE can only separate
charged analytes, but the main advantage of using a nonaqueous
system is that the strong interactions can be observed between
the analyte and the additive. Solvophobic interactions are gener-
ally much weaker in nonaqueous solvents than in water, but
ion–ion, ion–dipole, and dipole–dipole interactions are stronger
in most nonaqueous solvents than in water (12). Such buffer sys-
tems also allow effective sample ionization for MS analysis with
the high solvent volatility and the low surface tension (29–31).
Another advantage of NACE buffers is the low electrical conduc-
tivity producing low Joule heat leading to higher separation effi-
ciency (32). Several authors reported that the use of
polyelectrolyte coatings was very effective in reducing solute
adsorption onto the capillary wall in aqueous electrolytes
(33–36). One of the main advantages of this type of coating is to
set the direction and the magnitude of the EOF independently
from the electrolyte pH. EOF is the main parameter for the sep-
aration of analytes in CE and, therefore, the repeatability of EOF
should be taken into consideration. The use of coated capillaries
is one of the most practical ways to control EOF. In nonaqueous
electrolytes, there have been a few investigations on the
approach of polyelectrolyte coatings by using polyvinyl alcohol
(PVA) (37,38), polyethylene glycol (PEG) (37,38), polyacrylamide
(PAA) (39), and C18 (40). In this work, PEI, which is effectively
used for aqueous CE applications, was chosen as polyelectrolyte
coating material for capillary column to increase the ana-
lyte–additive interactions in NACE by reducing the EOF (41–43).
Depending on the physical properties affecting analyte–additive
interactions (12), methanol [cohesion energy density (Ps) = 928,
dielectric constant (ε) = 33, donor numbers
(DN) = 126, acceptor numbers (AN) = 41.3],
and acetonitrile (Ps = 655, ε = 38, DN = 59, AN
= 18.9) were chosen as the solvent for NACE
investigations. Preliminary studies with PEI
coated capillary without any additive showed a
simple retardation of the migration times but
no separation was observed even with 4% PEI
addition into the running electrolyte. For this
reason, the most effective cationic surfactant
was observed from the described CEKC studies,
and Aliquat 336 was used to try to improve the
method. As it can be seen in Figure 5A, with the
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Table III. Quantitative Analysis Results
Quantity Added Total Recovery
Analytes (mg/L) amount (mg/L) amount (mg/L) (%)
Beta-carotene 30 10 41.2 ± 0.5 97.1
Lutein 20 10 29.7 ± 0.3 101
Astaxanthin 20 10 29.4 ± 0.6 102
Pp-aMe ester 20 10 31.0 ± 0.4 96.7
Chlorophyll b 20 10 30.5 ± 0.5 98.3
Me-pp Et ester 20 10 29.6 ± 0.5 101.3
Figure 3. Effect of hyamine on the separation. Running electrolyte: 10mM
phosphate, 40mM hyamine, 50% THF (pH = 11.0). Other conditions are the
same as in Figure 2.
m
AU
Time (min)
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addition of 15mM Aliquat 336 into the 2% PEI containing run-
ning electrolyte, an effective separation could be observed except
for beta-carotene/lutein pair. In order to improve the separation,
different solvent compositions were tested. Figure 5B shows the
differences observed by increasing ACN content from 50% to
70%. Resolution was slightly decreased when ACN content was
increased because of a higher EOM. Finally, the best results were
obtained when using a solvent mixture of MeOH–ACN–THF
(5:4:1, v/v/v) and a lower concentration (10mM) of Aliquat 336
(Figure 5C). Pheophorbide a stigmasteryl ester (peak 7) does not
appear in Figure 5A and Figure 5C because of its long retention
time.
Method validation
Validation of the proposed NACE method was performed with
the evaluation of linearity, precision, accuracy, limit of detection
(LOD), and limit of quantitation (LOQ). The precision of the
method was estimated by measuring the inter- and intraday
repeatability of the same homogeneous sample and expressed as
relative standard deviation (RSD). The accuracy of the method
Figure 5. Effect of solvent composition on NACE separation. MeOH–ACN
(1:1) with 15mM Aliquat 336 (A), MeOH–ACN (3:7) with 15mM Aliquat 336
(B), MeOH–ACN–THF (5:4:1) with 10mM Aliquat 336 (C). V= –28 kV
(cathodic side), PEI coated capillary. Peak identifications: Beta-carotene (peak
1), Lutein (peak 2), Astaxanthin (peak 3), Pyropheophorbide a methyl ester
(peak 4), Chlorophyll b (peak 5), Methylpyrroporphyrin XXI ethyl ester (peak
6), Pheophorbide a stigmasteryl ester (peak 7). Other conditions are the same
as in Figure 2.
Figure 4. Effect of Aliquat 336 on the separation, with the addition of 12mM
(A) and 20mM Aliquat 336 into the buffer (B). Other conditions are the same
as in Figure 2. Additional peak identification: Chlorophyll a (peak 7).
m
AU
m
AU
m
AU
m
AU
m
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Time (min)
Time (min)
Time (min)
Time (min)
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A
B
B
C
was expressed as recovery (%) by spiking the standard mixture
with three different concentration levels of each standard (one
for lower limit, one for middle point, and one for upper limit).
The recovery values were found in the range of 95–98% (± 2).
The linearity was tested by preparing standard solutions at ten
different concentration levels ranging from 0.5 to 200 ppm. The
calibration curves were linear in the concentration range of
5–100 ppm with the determination coefficient (R2) values
between 0.9985 (± 0.02) and 0.9997 (± 0.01) for duplicate injec-
tions of the standards at each concentration. All validation
parameters are given in Table I. System suitability tests are com-
monly used to verify resolution, column efficiency, and repeata-
bility of a chromatographic system to ensure its adequacy for a
particular analysis. Therefore, these analyses were completed by
calculating resolution (Rs), selectivity (α), and peak tailing fac-
tors (T) (Table II). All analyte peaks observed under the optimum
separation conditions (in Figure 5C) have a good symmetry
(tailing factors are ≤ 1) despite their long retention times.
Because of the different absorption maxima of the pigments
selected, diode array detection (DAD) was employed for the
quantitative evaluation at the maximum absorbance of each pig-
ment (Table III). Accurate and precise results were obtained with
lower LOD and LOQ limits under the optimized NACE condi-
tions [i.e. 2% PEI, 10mM Aliquat 336, MeOH–ACN–THF (5:4:1,
v/v/v), Voltage = –28 kV].
Conclusion
Between the various CE techniques, NACE is shown to be the
most efficient for the separation of tetrapyrrolic and carotenoid
pigments. The most effective separation results were observed
using NACE with Aliquat 336 as cationic surfactant in PEI coated
capillaries and a mixture of MeOH–ACN–THF (5:4:1, v/v/v) as
solvent. This methodology is simple, rapid, and sensitive, and it
can overcome the difficulties of analysing these compounds
because of their non-volatile, thermally unstable, light-, and
oxygen-sensitive properties.
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